1. Arginine can be produced in the kidney from citrulline. An important source of circulating citrulline is the intestinal breakdown of glutamine. Consequently, partial enterectomy leads to decreased plasma citrulline levels. The aim of the present study was to investigate the effect of diminished arterial citrulline levels on renal arginine production and total-body free arginine pools.
INTRODUCTION
short bowel syndrome is due to malabsorption of nutrients as a result of a diminished absorptive surface of the gut remnant. In this context, little attention has been paid to the role of the gut in interorgan nitrogen exchange as a metabolically active organ (as opposed to its pure absorptive function). However, it has become increasingly clear in recent years that the gut plays a crucial role in interorgan nitrogen metabolism. An interesting part of this role is the presumed intestinal-renal axis for citrulline-arginine metabolism [2] .
Arginine is an essential amino acid only for growing individuals [2, 3] . In most adult animals and human beings, arginine is a non-essential amino acid that can be produced under normal circumstances in sufficient amounts to maintain homoeostasis. The kidney is thought to be the main site of this endogenous arginine production [4, 5] . A major source for renal arginine synthesis is the uptake of circulating citrulline from the bloodstream [2] . Circulating citrulline, in turn, is largely derived from intestinal citrulline release, in the fasted state predominantly as a major nitrogenous end-product of glutamine metabolism [2, 6] . The intestines are the only tissue so far identified that normally release significant amounts of citrulline into the circulation [2] . Thus, there appears to be an intestinal-renal axis for interorgan citrulline and arginine metabolism [2] .
In the fasted state, intestinally derived citrulline is an end product of glutamine metabolism [2, 7] . Glutamine is the predominant fuel for the gut [7, 8] and 28-34 % of glutamine nitrogen taken up from the blood is released back into the portal vein as citrulline [2, 7] , which passes through the liver without significant uptake [2] . Approximately 75-100 % of citrulline taken up by the kidney is converted to arginine [2, 5] . The importance of this pathway is illustrated by the fact that arginine becomes a dietary essential amino acid when intestinal citrulline synthesis is inhibited [6] and in animals with low rates of intestinal citrulline release (e.g. cats) [5] . Also, recent evidence shows that the supplementation of glutamine to enteral nutrition leads to enhanced arginine release from the kidney, accompanied by enhanced renal glutamine and citrulline uptake [9] . Such data indicate that the kidney plays a role not only in acid-base and fluid homoeostasis, but also in the interorgan exchange of various nitrogenous compounds.
During previous experiments in which 75 % short bowel resection in the rat was used as a model of short bowel syndrome, we observed a 90 % decrease in citrulline production by the portal drained viscera after enterectomy [10] . Arterial citrulline concentrations showed a subsequent decrease of approximately 50 % in these experiments. A similar, although less pronounced decrease in arterial citrulline levels was also observed by other investigators, who showed a decrease in the arteriovenous concentration difference of citrulline and arginine across the kidney [2] . Because they did not measure renal plasma flow, firm conclusions could not be drawn. No change in arterial arginine concentration after enterectomy was observed by us [10] and others [2] . Possible explanations could be that the predominant role of the kidney in the production of arginine is taken over by another organ (e.g. arginine derived from protein catabolism during enterectomy), that a major part of renal production of arginine is no longer derived from arterial citrulline, or that renal arginine production was only a minor part of the citrulline produced by the gut. Alternatively, less arginine could be consumed by other organs.
To investigate underlying mechanisms of this phenomenon we studied renal arginine and citrulline metabolism in rats after 75 % small bowel resection, using L-(2,3-$H)-arginine. Specifically, we were interested in whether the net uptake of citrulline and the net release of arginine by the kidney would be decreased, as had been suggested, but not proven, by Windmueller and Spaeth [2] . In addition, tracer methodology was used to quantify the impact on whole-body metabolism of arginine and citrulline, as well as on unidirectional fluxes of these amino acids. To exclude any possible influences of dietary intake, rats were studied in the fasted state.
MATERIAL AND METHODS

Animals
All experiments were performed in male Wistar rats (n l 
Experimental groups
Rats were randomized to four groups. Some rats (ENT group, n l 12) were subjected to laparotomy and resection of 75 % of small bowel length after an overnight fast (16 h). These rats were allowed to recover and starved for another 24 h (total fast 40 h), with free access to drinking water. Thereafter, they were subjected to the experiments described below. A second group of rats (SHAM group, n l 9) underwent a similar operation after an overnight fast, but sham enterectomy was performed by transecting and re-anastomosing the small bowel. These rats were also starved for another 24 h and then studied as controls for the effects of a surgical procedure. Finally, two groups of unoperated rats, which were fasted either for 16 h (CON1 group, n l 8) or 40 h (CON2 group, n l 7), were treated similarly to the ENT and SHAM groups and studied to control for the effects of pure starvation.
Operative procedures
Operative procedures were performed under ether anaesthesia and peri-operative fluid losses were treated as described previously [11, 12] . Rectal temperature was maintained at 37p1 mC. Enterectomy was performed by removing 75 % of the small intestine, leaving 12.5 % of total ileum length (10 cm proximal to the ileocaecal valve) and 12.5 % of jejunum (10 cm distal to Treitz's ligament). An anastomosis was made between jejunum and ileum with a single running silk 6-0 suture. The abdominal wall and skin were closed with a single running vicryl 3-0 suture.
Sham surgery was performed in five rats by cutting and re-anastomosing at the first 12.5 % of jejunum and in the other four rats by cutting and re-anastomosing at the last 12.5 % of ileum. Since no differences in any of the parameters studied were observed between these two subgroups, they were combined and studied as one group.
For metabolite exchange measurements, microcatheters were inserted into the right jugular vein, the left ureter, the left renal vein and the distal abdominal aorta as detailed recently [12] [13] [14] . After catheter insertion, the abdomen was covered with a wet gauze and the catheters were exteriorized.
Metabolite exchange measurements
For the preparation of the arginine priming solution and the continuous infusion solution, an aqueous L-(2,3-$H)-arginine stock solution containing 2 % ethanol (specific activity 30-60 Ci\mmol, molecular mass 174.2 Da, arginine concentration 1 µM ; Sigma A 3680, St. Louis, MO, U.S.A.) was used. Via the jugular vein catheter, a priming dose of L-(2,3-$H)-arginine (0.075 ml\100 g body weight of a 20 µCi\ml solution) and para-aminohippuric acid (PAH ; 0.032 ml\100 g body weight of a 50 mM solution ; pH 7.4, iso-osmolar, Sigma A 1422) were given. Next, a continuous infusion of a mixed PAH\ arginine solution [L-(2,3-$H)-arginine : 1.5 µCi\ml, 2.4 µCi:h −" :100 g −" body weight ; PAH : 1.6 ml:h −" : 100 g −" body weight of a 1 mM solution, pump speed 0.08 ml\min] was started using a Gilson Minipuls infusion pump (Gilson France SA, Villiers le Bel, France). Steady-state PAH and tracer concentrations were reached 10 min after the last surgical procedure, 20 min after the start of the PAH infusion and 30 min after the start of the tracer infusion (results not shown). Blood samples (1.5 ml per vessel) were taken simultaneously from the distal abdominal aorta and the left renal vein. Blood samples were collected in tubes containing heparin and put on ice. Next, the left kidney was resected and freeze-clamped directly in liquid nitrogen.
Sample preparation
Haematocrit was determined with microfuges. For PAH determinations, 50 µl of blood was mixed with 200 µl of 10 % trichloroacetic acid (TCA), allowed to stand for 30 min for deproteinization on ice and then centrifuged at 4 mC for 5 min at 8800 g. The supernatant was then frozen in liquid nitrogen and stored at k80 mC. For amino acid determinations, 300 µl of plasma obtained by whole-blood centrifugation in heparinized tubes at 4 mC for 5 min (8800 g) was deproteinized with 12 mg of sulphosalicylic acid and immediately frozen in liquid nitrogen and stored at k80 mC. For urea and ammonia, 200 µl of plasma was deproteinized in 20 µl of 50 % TCA.
For tissue ammonia and amino acid determinations, the tissue specimens were pulverized using a mortar and pestle pre-cooled in liquid nitrogen and further homogenized and deproteinized. Approximately 100 µg of tissue was added to 500 µl of 5 % sulphosalicylic acid for amino acids with 1.0 mM norvaline as an internal standard. A similar tissue sample was added to 400 µl of 50 % TCA for ammonia determinations. The homogenate was frozen in liquid nitrogen and stored at k80 mC until further determinations.
To determine the tissue dry weight approximately 200 µg of pulverized tissue was freeze dried for 24 h in a Speedvac (SC200, Savant Instruments Inc., Farmingdale, NY, U.S.A.) connected to a refrigerated condensation trap (RT 400, Savant Instruments Inc.). Water content was calculated according to standard formulas.
Analysis
PAH, ammonia and urea were fully automatically determined on a Cobas Mira apparatus (Roche Diagnostica, Hoffman-La-Roche, Basel, Switzerland) by standard techniques [14] with slight modifications compared with those previously applied in our laboratory. These modifications consisted of the determination of ammonia and urea in TCA-deproteinized plasma samples, which yielded somewhat higher, but much more reproducible, ammonia determinations. Plasma and tissue amino acids as well as the specific activities of L-(2,3-$H)-arginine and L-(2,3-$H)-citrulline were determined fully automatically as described in detail previously [15] . Briefly, amino acids were classically separated on an ion-exchange column using HPLC techniques. The column effluent was divided continuously into two solvent streams using a rapidly switching split valve which directed 90 % of the effluent to a computer-controlled fraction collector, after which radioactivity was counted off-line. The remainder (10 %) was mixed with ortho-phthaldialdehyde for classical on-line amino acid analysis as reported previously [16] .
Calculations
Urea values were corrected for ammonia. Branchedchain amino acids were calculated as the sum of leucine, isoleucine and valine. α-Amino-nitrogen was calculated as the sum of the α-amino-N moieties of the individual amino acids. Renal plasma flow was calculated using the PAH infusion method and standard equations [14] . In a small number of animals (n l 5), individual plasma flow could not be calculated because either the haematocrit or the renal vein PAH concentration was missing due to technical or analytical failure. In that case, missing values were substituted by group means, which did not affect the results (neither in absolute values nor statistically).
Plasma fluxes were calculated as individual renal vein minus arterial concentration differences multiplied by the individual renal plasma flow. These plasma fluxes are, at least as far as citrulline and arginine are involved, fully representative of whole-blood fluxes [5] . Calculation of fluxes provides a measure of net balance, i.e. net uptake or net release of a metabolite across an organ. Positive fluxes indicate net release and negative fluxes indicate net uptake. Flux data only give information about the net result of various unidirectional uptake and release processes across an organ. They provide no information about the composing bidirectional movements of metabolites across the plasma-tissue barrier. Estimates of these composing processes can be obtained using tracer methodology and formulas described in detail in the literature [17] [18] [19] . Some of these formulae will be outlined below with arginine as an example. Unless stated otherwise, the same can be extrapolated to citrulline.
Thus, whole-body rate of arginine appearance (WBRa Arg ) as a measure of total arginine production from either arginine synthesis de novo or protein breakdown (whole-body flux) can be calculated by the formula [18, 20] :
where WB-Ra Arg is the whole-body rate of arginine appearance (nmol:min −" :100 g −" body weight), I Arg the infusion rate of
:100 g −" body weight), and SA art the arterial specific activity (d.p.m.\nmol arginine) at steady state. The net flux across the kidney is the result of unidirectional influx and efflux. To estimate unidirectional plasma membrane arginine transport into or out of the kidney, standard equations for isotopic steady state were used [17, [19] [20] [21] . The rate of appearance across the kidney (Ra Arg ; a measure of the unidirectional efflux) can be calculated as [17, 18, [20] [21] [22] :
where Ra Arg is rate of appearance of arginine across the kidney (nmol:min −" :100 g −" body weight), PF the plasma flow across the kidney, C art the arterial concentration of arginine and SA ven the venous specific activity of arginine. The rate of disappearance across the kidney (Rd Arg ; a measure of unidirectional influx) will then be :
where Rd Arg is the rate of disappearance (nmol:min −" :100 g −" body weight) and NB the net balance (nmol:min −" :100 g −" body weight) of arginine across the kidney.
Statistics
Data are presented as meanspS.E.M. For statistical analysis, the SPSS\PCj statistical software package was used [23] . Differences between the experimental groups and the appropriate controls were compared using the Mann-Whitney U non-parametric test. Thus, comparisons were made between the ENT group and the SHAM group to test for the pure effects of enterectomy, and between the SHAM and CON2 group to test for the effects of surgery. Similarly, the CON2 group was compared with the CON1 group to test for the effects of pure starvation. To test whether values were significantly different from zero, the Wilcoxon non-parametric test was performed. P-values less than 0.05 were considered to indicate statistical significance.
RESULTS
Arterial values (Table 1)
Arterial values of amino acids (Table 1 ) and urea (results not shown) were grossly comparable to those reported previously in the same enterectomy model [10] . For reasons indicated above, ammonia values were slightly higher than those reported earlier [10] . Importantly, arterial glutamine levels were elevated and citrulline concentrations ( Figure 1 ) were strongly decreased in the Arterial citrulline concentrations, renal citrulline fluxes and renal tissue citrulline concentrations in rats after massive small bowel resection (ENT group) as well as in sham-operated controls (SHAM group) and in 16-h or 40-h starved, unoperated controls (CON1 and CON2 groups respectively). *P 0.01, significantly different from SHAM.
ENT group compared with the sham group. However, no significant differences in arterial arginine were observed between the ENT and SHAM groups ( Figure  2 ). Arterial arginine concentrations, renal arginine fluxes and renal tissue arginine concentrations in rats after massive small bowel resection (ENT group) as well as in sham-operated controls (SHAM group) and in 16-h or 40-h starved, unoperated controls (CON1 and CON2 groups respectively). *P 0.01, significantly different from SHAM ; FP 0.01, significantly different from CON2.
Renal plasma flow and net metabolite exchange (Table 2)
Renal plasma flows did not differ between groups. Renal glutamine uptake was comparable in the ENT and Figure  1 ) was observed in all groups and was strongly reduced in the ENT group compared with the SHAM group. This was accompanied by a stoichiometric decrease in arginine release (Figure 2 ), but this did not affect arterial arginine concentrations. Interestingly, the kidney took up small amounts of phenylalanine and released small quantities of tyrosine, compatible with phenylalanine hydroxylase activity in the kidney [24] . Glycine uptake was observed, accompanied by serine release in all groups.
Tissue data (Table 3) The renal tissue levels of citrulline ( Figure 1 ) were similar in all groups. Arginine concentrations ( Figure 2) were diminished in the ENT group compared with SHAM rats. The tissue water content and ammonia concen-Arginine metabolism in short bowel syndrome Whole-body rate of arginine appearance as a measure of new arginine formation in rats after massive small bowel resection (ENT group) as well as in sham-operated controls (SHAM group) and in 16-h or 40-h starved, unoperated controls (CON1 and CON2 groups respectively). FP 0.05, significantly different from CON2 ; jP 0.05, significantly different from CON1.
trations were similar in all experimental groups. Renal tissue glutamine levels were elevated in the ENT group compared with the SHAM group.
Tracer results (Table 4)
Whole-body rate of appearance for arginine ( Figure 3 ) was diminished in 40-h starved rats compared with the 16-h starved group. In sham-operated rats (SHAM group), whole-body rate of arginine appearance was strongly enhanced compared with the 40-h starved group. However, there were no statistically significant differences between the ENT and SHAM groups (P l 0.07). Whole-body rate of arginine appearance amounted to approximately 400 nmol:min −" :100 g −" body weight in the enterectomized rats. Net arginine production and unidirectional arginine efflux from the kidney were only approximately 20 and 25 nmol:min −" :100 g −" body weight respectively. Apparently, renal arginine synthesis accounts for only a very small proportion of total-body arginine production in this model. The decrease in net citrulline uptake appeared to be caused by a decrease in the unidirectional citrulline influx into the kidney, with no significant effect on unidirectional efflux. Similarly, diminished unidirectional efflux of arginine appeared to be the predominant explanatory factor in the decreased net arginine efflux.
DISCUSSION
In the present study, 75 % enterectomy in the rat was used as a model for short bowel syndrome. Rats were studied in the fasted state to exclude any influence of dietary intake. Previously, we observed a decrease in intestinal citrulline release as well as a decrease in arterial citrulline levels in the same model of 75 % enterectomy in rats [10] . Citrulline is a non-protein amino acid [5] and has an important role as an intermediate in the urea cycle [3] . However, the relatively large quantities of citrulline released by the gut as a consequence of intestinal glutamine metabolism pass the liver through the portalhepatic circulation without being taken up in significant amounts [2] . Therefore, it can be assumed that the gut plays a role in the regulation of arterial citrulline levels. Indeed, evidence has been put forward that arterial citrulline levels are reduced after small bowel resection in rats [2, 10] . In addition, exogenous ornithine is only a poor precursor for citrulline (and thus for arginine), providing additional support for the idea that the intestinal conversion of glutamine to citrulline is one of the crucial factors in the regulation of arterial citrulline levels in the fasted state [2, 25] .
The present study was undertaken to investigate whether small bowel resection and the resulting decreased arterial citrulline levels would lead to diminished renal citrulline uptake and arginine production, and whether this would have serious consequences for whole-body arginine metabolism. Such information appeared to be important because it would imply that the supplementation of arginine (or citrulline) to patients with short bowel syndrome might be worthwhile, as has already been suggested by Yamada et al. [26] .
In the underlying experiments, arterial citrulline levels were diminished in enterectomized rats compared with sham-operated controls, as reported earlier in the same model [10] . This was accompanied by reduced renal citrulline uptake and stoichiometrically reduced renal arginine release. In normal rats, renal citrulline uptake has been shown to account for 83 % of intestinal citrulline release [2] . Comparing the citrulline uptake by the kidney in the present study with intestinal citrulline release in a previous study in the same rat model of enterectomy [10] , it can be calculated that renal citrulline flux was approximately equal to intestinal release in the ENT and CON2 groups. However, intestinal citrulline release was considerably higher in the CON1 and SHAM groups [10] (incidentally, citrulline release by the gut [27] and uptake by the kidney [13] were very similar in our laboratory in normal rats and rats with chronic liver failure). Arterial arginine levels remained unaffected, suggesting that they are kept constant by contributions from other organs, or alternatively, that arginine uptake by other organs is diminished. This is underscored by the results of the tracer experiments reported here.
Whole-body arginine appearance rate was increased in the SHAM group compared with the CON2 group, but remained statistically unchanged in enterectomized rats compared with sham-operated controls. Also, the absolute amounts of arginine produced in the kidney by the various groups never exceeded 10 % of total-body arginine production. Apparently, arginine synthesis in other organs, or more probably [28, 29] arginine derived from protein degradation in other organs, is considerably greater than renal arginine synthesis. Thus, in the present model of subacute short bowel syndrome, approximately 90 % of arginine comes from sources other than renal synthesis and release. Because arginine synthesis rates are very low in most organs other than the kidney (and the liver, but there it is instantly degraded by arginase activity) [28, 29] , arginine synthesis elsewhere does not seem to be the source. It is more likely that the arginine is derived from protein degradation in various organs. This could also explain the increased whole-body rate of arginine appearance in the SHAM group, which may represent a general increase in protein breakdown due to surgical trauma.
The change in net renal citrulline uptake after enterectomy appeared to be caused by a decrease in unidirectional citrulline uptake. These results support the idea that circulating citrulline levels regulate renal citrulline uptake and arginine synthesis [5] . This could mean that in the fasted state intestinal glutamine metabolism and the resulting citrulline release determine the set point of renal citrulline and arginine metabolism, because uptake or release of citrulline by the liver does not occur in significant amounts [2] . Analogous to this, the liver does not release arginine into the circulation because of its high arginase content [2] . The decrease in net renal arginine release appeared to be predominantly due to a decrease in unidirectional release, with no significant change in unidirectional arginine uptake.
It should be realized that tracer citrulline will be converted to tracer arginine. Therefore, the renal venous tracer arginine levels will be raised by tracer citrulline conversion. However, in the present study, the specific activity of citrulline in arterial plasma was less than 10 % of the specific activity of arginine in renal venous plasma (results not shown). Thus, this conversion does not appear to have an important bearing on the interpretation of the present results.
Some theoretical considerations seem to be appropriate at this point. Arginine, like citrulline, is an intermediate in the urea cycle [3] . In the urea cycle, arginine is split in a hydrolytic, non-energy-consuming reaction to form ornithine and urea [2, 3] . This reaction can take place in several organs, including the kidney [5, [30] [31] [32] [33] . However, urea formation in the kidney is of a small magnitude compared with that in the liver [4] . Nonetheless, endogenous urea formation via the arginase pathway in the kidney is thought to play an important role in the formation of an osmotic gradient in the kidney [30, 33] . Urea synthesis can only take place in quantitatively significant amounts in the liver, because this is the only organ in the body that has quantitatively important activity of the enzyme carbamoyl phosphate synthetase [3] (the small intestine also contains some carbamoyl phosphate synthetase activity [34] ).
Dhanakoti et al. [5] studied arginine synthesis in the kidney and found that it occurs almost exclusively in the kidney cortex. They found that only 6 % of arginine was metabolized via the arginase pathway in a kidney cortex tubule preparation. It was assumed that either renal arginase activity is low, or arginase is located in different cells [5] . Such an assumption would be compatible with the endogenous urea formation in the renal medulla serving to create the counter-current system in the medulla of the kidney [30, 33] .
Citrulline can be formed from arginine via the urea cycle, from ornithine and from glutamine. Citrulline can also be formed from arginine without the step via ornithine [25] . This involves the liberation of nitric oxide and can take place anywhere in the body, notably in the presence of endothelial cells [35] . The importance of this pathway cannot, however, be deduced from our study.
In conclusion, as described earlier, arterial citrulline levels are strongly reduced after small bowel resection in the rat. This does, in full accordance with the original hypothesis underlying this study, lead to reduced renal citrulline uptake and stoichiometrically diminished renal arginine release. However, this reduction in renal arginine production does not lead to a decrease in arterial arginine levels. In addition, the tracer methods applied in the present study put forward evidence that total-body arginine production in the present model is not affected (or only minimally) by diminished precursor supply (arterial citrulline), because renal arginine production provides only 5-10 % of total-body arginine production. Whether such changes in renal arginine release are quantitatively more important relative to whole-body arginine appearance in a more chronic and less catabolic model of short bowel syndrome, when the appearance of unlabelled arginine from protein breakdown is probably less pronounced, remains to be established. Experiments to study this point are currently being performed in our laboratory in pigs.
It should be emphasized that the present studies were undertaken in the fasted state. During feeding, the situation is different. Then, approximately 60 % of luminally administered arginine is absorbed intact and delivered to the portal blood [36] . The remainder is either hydrolyzed to urea, or metabolized and released into the portal vein as citrulline, ornithine and proline [36] . The fraction of the luminally administered arginine converted to citrulline during feeding appears to be dependent on the protein content of the diet the rats have been adapted to in the pre-study period [37] . Thus, during adaptation to high-protein feeding, the intestinal enzymic machinery adapts by converting less arginine to citrulline during the process of absorption [37, 38] . Consequently, more arginine is taken up by the liver and converted to urea.
During low-protein feeding, the converse is true, i.e. more arginine is converted to citrulline by the intestine. The citrulline subsequently escapes clearance by the liver and is converted back to arginine by the kidney [37, 38] . This process can be seen as arginine-sparing during low protein intake [37] .
In the context of the present study, it seems of interest to mention that Wakabayashi et al. [34] also did not observe a decrease in plasma arginine in a model of 4 weeks of short bowel syndrome by 80 % enterectomy in rats. However, arginine did decrease in arterial plasma when these enterectomized rats were fed an argininedeficient diet. The latter also had decreased skeletal muscle arginine levels and they failed to grow, providing evidence for the indispensability of dietary arginine to animals with chronic short bowel syndrome. Assuming that the renal arginine production observed in our enterectomized and SHAM groups will remain the same in a more chronic situation, and combining our results with those of Wakabayashi et al. [34] , it can be estimated that 19 nmol:min −" :100 g −" body weight of arginine will not suffice to maintain normal growth and development in rats, whereas 38 nmol:min −" :100 g −" body weight will.
Finally, since renal citrulline uptake is the precursor for renal arginine release, and renal citrulline uptake is regulated by circulating arterial citrulline levels, which in turn are set by intestinal release, the intestines appear to regulate de novo arginine synthesis by remote control via the kidney. The limits of the renal citrulline to arginine conversion pathway have not yet been fully explored. However, citrulline uptake and arginine release appear to be linearly related over a wide physiological and supraphysiological range [5, 9] . Thus, provided a healthy kidney is present, theoretically citrulline supplementation in enteral or parenteral nutrition formulas might be a valid alternative to arginine supplementation. Further investigations are necessary to unravel the full importance of the intestinal-renal glutamine-citrullinearginine axis in various conditions.
